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Abstract:  Induction accelerators are appealing for heavy-ion driven inertial fusion 

energy (HIF) because of their high efficiency and their demonstrated capability to 

accelerate high beam current (≥10 kA in some applications). For the HIF application, 

accomplishments and challenges are summarized. HIF research and development has 

demonstrated the production of single ion beams with the required emittance, current, and 

energy suitable for injection into an induction linear accelerator. Driver scale beams have 

been transported in quadrupole channels of the order of 10% of the number of 

quadrupoles of a driver. We review the design and operation of induction accelerators 

and the relevant aspects of their use as drivers for HIF. We describe intermediate research 

steps that would provide the basis for a heavy-ion research facility capable of heating 

matter to fusion relevant temperatures and densities, and also to test and demonstrate an 

accelerator architecture that scales well to a fusion power plant. 
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1 Motivation 1	  

The three main types of heavy ion drivers for inertial fusion energy are synchrotrons, RF 2	  

linear accelerators (usually with storage rings) and induction linear accelerators. RF 3	  

accelerators are appealing because of the extensive experience in high energy and nuclear 4	  

physics; induction accelerators, because of their higher efficiency and experience 5	  

accelerating high beam current (≥10 kA in some applications). The US effort has focused 6	  

on induction accelerators because of the high efficiency at high beam current and because 7	  

there is no need to accumulate charge in storage rings; their non-resonant character 8	  

allows pulse compression during acceleration. Baseline driver design in the US consists 9	  

of a multiple beam induction linear accelerator, accelerating beams to a final kinetic 10	  

energy of 1 GeV per ion, or higher. Because of the high charge per bunch, transport, or 11	  

transverse control of the beam, is the limiting consideration at low ion kinetic energy.  12	  

The approach is to accelerate a longer bunch near the transport limit and gradually 13	  

decrease its length within the accelerator -- as allowed by beam dynamics -- by small 14	  

voltage ramps. The transport limit for current increases with velocity because of the 15	  

increasing strength of the v × B force. Near the exit of the accelerator, a larger ramp is 16	  

applied to compress the bunch.  This final bunch compression occurs mainly at the end of 17	  

the accelerator and in the drift lines leading to the target, resulting in the required short 18	  

pulse at the target. 19	  

To put the driver objectives and components in context, Fig. 1 shows a typical layout of a 20	  

multi-beam induction linear accelerator driver for heavy ion fusion. Operating at 5-15 Hz, 21	  

many ion beams are injected into an induction accelerator, with the bundle of beams 22	  

passing through common induction accelerator cores.  Other induction accelerator 23	  

architectures have been studied, for example, separate accelerators for each beamline, and 24	  

recirculating induction accelerators.  Initially motivated by their potential to lower cost, 25	  

studies showed additional beam physics and technical issues, as described in  Ref. 26	  

[Ta11], chapter 10.  27	  

Singly charged (q = 1) ions are often chosen because higher charge state ions create 28	  

proportionally more space charge which would be much more difficult to produce and 29	  

match to the alternating gradient lattice.  Other favorable aspects of q=1 ions are the 30	  
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ability to create low-emittance beams of sufficiently high current with essentially no 31	  

admixture of 𝑞 ≥ 2  ions, and the lower longitudinal confinement fields required for 32	  

bunch containment.  Of course, a disadvantage is the proportionally lower acceleration 33	  

rate.  Ion sources and injectors for HIF are reviewed by Kwan [Kw05].  The accelerator 34	  

front end may use electrostatic focusing quadrupoles at the front end, followed by a 35	  

transition to superconducting magnetic quadrupoles for most (> 90%) of the accelerator.   36	  

A velocity ramp is applied to the beam near the end of the accelerator.  The beam 37	  

(𝛽 = 0.2− 0.3) is not highly relativistic, thus the bunch length shortens by an order of 38	  

magnitude or more to meet the 1-10 ns bunch duration required by the target. This drift-39	  

compression section and the final focusing system are reviewed by Kaganovich et al. 40	  

[Ka12] in these proceedings. A part of the drift compression section includes dipoles for 41	  

each beamline to aim each beam at the target according to the required illumination 42	  

geometry.   43	  

The propagation of the beams in the reactor chamber is reviewed by Olson [Ol12].  The 44	  

ends of each beamline must penetrate the reactor chamber wall while leaving sufficient 45	  

solid angle for a viable tritium breeding blanket and heat extraction.  This blanket design 46	  

is usually a flowing thick layer of liquid, molten salt containing lithium, which protects 47	  

the structural wall and focusing magnet coils from radiation damage [Mo12].  This is a 48	  

very desirable feature that is compatible with ion-beam driven IFE.  Not shown in Fig. 1 49	  

are the essential tritium extraction, target factory, heat recovery and electricity generation 50	  

systems. 51	  

Fundamental aspects of the fusion target designs (ignition mode, target size, energy 52	  

coupling) have a great influence on the final beam parameters and target illumination 53	  

geometry [Ba12] and therefore on the accelerator design. The required beam energy per 54	  

pulse may vary among target designs by a factor of several, which will influence the 55	  

number of parallel beams and other aspects of the accelerator design.  Also, the beam 56	  

pulse duration depends on the ignition mode, with “fast-ignition” targets requiring sub-57	  

nanosecond ignition pulses, and indirectly driven targets requiring ~10 ns main pulses.  58	  

Most targets generally require a low power prepulse, with 20 - 100 ns duration to 59	  

efficiently compress the fusion fuel prior to the main pulse. Since the driver is considered 60	  
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to be the most costly aspect of the IFE system, the target design has a tremendous impact 61	  

on the system cost and feasibility.  In this paper, we assume final beam parameters of 62	  

approximately 5± 2  𝑀𝐽/𝑝𝑢𝑙𝑠𝑒 (total of the foot and the main pulse), 5± 3  𝐺𝑒𝑉 ion 63	  

kinetic energy, and an ignition pulse of 10± 5  𝑛𝑠 and a final beam radius at the target of 64	  

5± 3  𝑚𝑚. These values correspond to a variety of indirectly driven hohlraum target 65	  

designs.  At the end of the accelerator the overall bunch duration is assumed to be 0.1 - 66	  

0.2 µs.   Hypothetically, if considerably greater beam energy (> 7 MJ/pulse) were 67	  

required for ignition and satisfactory target gain, the capital costs significantly increase 68	  

even though the cost of electricity scales favorably for higher yield targets requiring 69	  

higher energy driver pulses.     70	  

As will be described below, these beam parameters are at once somewhat conservative in 71	  

their demands on the accelerator, but still require the development of novel accelerator 72	  

components, and the understanding and mitigation of various beam physics that can 73	  

dilute the beam emittance.  Target designs requiring a much shorter ignition pulse (< 1 74	  

ns), or a smaller radius at the target (< 1 mm) usually force a higher beam phase space 75	  

density at the target, corresponding to stricter tolerances throughout the accelerator. Lee 76	  

reviews beam dynamics in induction accelerators for HIF in these proceedings [Le12].  77	  

The trade-offs between target physics and accelerator physics must be resolved with an 78	  

overall HIF design optimization. For example, to simplify some target design challenges, 79	  

a few driver designs have two ion kinetic energy beams striking the target for different 80	  

parts of the pulse [Yu03].  This invokes additional accelerator design challenges – to 81	  

separate a group of beams for further acceleration, implementation of needed delay lines 82	  

[Fr12], and the necessity to determine the economic costs of these features.    83	  
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Figure 1: Schematic of an induction accelerator driver for heavy ion fusion. 

Common to laser and ion beam IFE development plans is a demonstration power plant 84	  

(DEMO) that should produce fusion power, breed tritium and demonstrate all key 85	  

scientific and engineering points [Na13].  To develop the science and technology for HIF, 86	  

several intermediate step induction accelerators have been suggested or built.  These may 87	  

be categorized by low (< 100 J/pulse) and high (10 - 100 kJ) energy per pulse. The 88	  

purpose of the low energy (< 100 J) experiments, included developing and testing 89	  

injection and transport of a high space-charge beam while preserving the low emittance 90	  

that would be needed for ultimate focusing onto a small fusion target. While the kinetic 91	  

energy and beam current in some of these experiments was often much lower than needed 92	  

at any stage of a driver, the transport lattices were designed so that the dimensionless 93	  

perveance and betatron phase advance matched those in a driver.  Thus the relative 94	  

importance of space charge to emittance mimicked a driver. An example is the Single 95	  

Beam Transport Experiment [Ti85] that demonstrated space-charge dominated transport 96	  

through 87 electrostatic quadrupoles with very little emittance growth.  In other 97	  

experiments, for example the 2-MV injector experiment [Bi05] and the High Current 98	  

Experiment [Pr05], the beam current (0.2 - 0.7 A) and energy (1 - 2 MeV) were 99	  

characteristic of an injected ion beam to the low energy end of an induction linac.  These 100	  

experiments demonstrated the needed low emittance from the source and injector at 101	  

driver scale, as well as the ability to control the high initial space charge and match the 102	  
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beam to an alternating gradient quadrupole lattice.  Other experiments are summarized in 103	  

a review article by Sharp et al. [Sh11].  The objective of the proposed 10 - 100 kJ 104	  

accelerator and research facility is to definitively demonstrate all the key driver beam 105	  

manipulations at or near full scale, and to enable HIF relevant target physics experiments. 106	  

It is usually considered a prerequisite to the DEMO.  For example, in the late 1970’s the 107	  

Heavy Ion Demonstration Experiment proposal was for a 50 - 100 kJ/pulse facility for 108	  

which RF and induction accelerator designs were developed [Go79].  The more recent 109	  

proposals are the Integrated Research Experiment (IRE) [Ba01] and the Heavy Ion Driver 110	  

Implosion Experiment (HIDIX) [Lo11], both based on multiple-beam induction linear 111	  

accelerator with quadrupole focusing to create 10 - 100-kJ beam bunches. 112	  

2 Induction linear accelerators 113	  

An induction linear accelerator is a non-resonant (low-Q) structure in which the 114	  

acceleration field is established by a high voltage pulse across the gap.  The induction 115	  

core presents a high impedance to prevent the pulser from seeing a short circuit (Fig. 2).  116	  

The gap geometry establishes the accelerating electric field along the beamline.  The field 117	  

distribution is analogous to a sequence of DC voltage gaps, with the difference that the 118	  

voltage along the beamline is not cumulative. If the magnetization current in the core is 119	  

low, and the beam current is high, the acceleration of the beam ions can have very high 120	  

electrical efficiency.  The development and first implementation of induction linacs was 121	  

for the electron beam in the ASTRON magnetic confinement fusion experiment [Ch58]. 122	  

Since then, many induction linear accelerators have been built in the US, Japan, France, 123	  

Russia and China for applications such as x-ray FELs, flash radiography, the simulation 124	  

of weapons effects and inertial fusion. Except for the inertial fusion application, most 125	  

instances are electron linacs. Reference [Ta11] is a helpful review of the principles and 126	  

applications of induction accelerators. 127	  

In Fig. 2, the beam focusing elements are inside 𝑟!, the inner radius of the induction core.  128	  

The voltage across the accelerating gap and the voltage pulse duration are related to the 129	  

magnetic flux swing in the core material and the cross sectional area via Faraday’s law of 130	  

induction.  The relationship is often simplified to: 131	  
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  ∆𝐵 ∙ 𝐴 = ∆𝑉 ∙ ∆𝑡    (Eq. 1) 132	  

The voltage must also be sustained across the insulator, which is a critical design 133	  

component and is often angled and out of the line of sight of the acceleration gap and the 134	  

beam to minimize the probability of initiating an electrical breakdown.   Since the drive 135	  

current pulse is significant, the induction cores may be driven from multiple coaxial drive 136	  

lines around the circumference to symmetrize the stray fields from the current pulses that 137	  

would steer the beam transversely.  This is more of a concern for induction modules for 138	  

acceleration of electrons (vs ions) due to the lower rigidity of the electrons.  The cross 139	  

sectional area per meter of the toroidal induction core is proportional to the difference in 140	  

of the outer and inner radius, (𝑟! − 𝑟!), while the mass of the induction core is 141	  

proportional to (𝑟!! − 𝑟!!).  Due to the cost of the induction core material, there is an 142	  

economic incentive to keep the inner radius small.   143	  

 

Figure 2: Cross sectional view of an induction cell.  Transverse focusing elements are 

either within the inner diameter of the induction core, or located in the space between 

adjacent induction cores.   

 144	  

Figure 3 shows a lumped circuit model of the induction acceleration cell and pulser.  The 145	  

efficiency, as measured by the ratio of Ib to Ip is greatest for high beam current.  Typical 146	  

drive currents for an induction core are on the order of a kiloampere, thus similarly high 147	  

beam currents can result in electrical efficiency of  50% or higher.  148	  
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Figure 3: Equivalent circuit model of an induction cell and pulser.  Vp and Zp are the 

pulser voltage and associated impedance.  ZL is a compensation load chosen to linearize 

the overall load seen by the pulser.  Cg is the induction cell gap and structure capacitance, 

Zc and Ic is the impedance of the core and the associated current, and Ib is the beam 

current.  

 149	  

High efficiency has been demonstrated in various electron induction accelerators, and 150	  

some examples are given in Table 1.  Including other power consumption, estimates of 151	  

total accelerator efficiency in existing accelerators (for which efficiency has not been a 152	  

major concern) tend to be much lower because of the power consumed by room 153	  

temperature magnets, vacuum pumps, and other components.  However, a noteworthy 154	  

example is Astron, which could generate 300 ns pulses at 60 Hz (but more typically ran 155	  

at ≈ 5 Hz), with an average beam power of 86 kW.  Because the project goals did not 156	  

require higher efficiency, the overall wall-plug efficiency was greatly impacted by the 157	  

power requirements of the room-temperature focusing solenoids, and aspects of the 158	  

pulsed power technology.  Nevertheless, the overall efficiency was still ≈ 10%, a notable 159	  

accomplishment at the time.  160	  
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For a heavy-ion driver using superconducting focusing magnets and modern pulsed-161	  

power technology operating at ≥ 5 Hz, the core loss (eddy current losses in the 162	  

laminations of the magnetic material) in induction acceleration modules is the most 163	  

important factor in overall wall-plug efficiency.  Within the HIF acceleration modules, 164	  

additional contributions to driver efficiency are the pulser efficiency (≈85%) and energy 165	  

expended in the acceleration waveforms before and after the passage of the pulse 166	  

(waveform rise time and fall time). Average losses of 1 W/lattice period in the magnet 167	  

leads of each array module, and 1 W/m2 within the superconducting magnets beam tubes 168	  

result in relatively little power required of the focusing magnet refrigeration system. 169	  

 170	  

Accelerator Drive current 
(kA) 

Beam current 
(kA) 

Repetition 
Rate (Hz) 

Efficiency  
(%) 

Astron 2 0.8 60 40 
ATA 20 10 5 50 
ETA II 5 3 2 60 
DARHT II 10 2 <1 20 
Table 1: Accelerator core efficiency, expressed as the ratio of beam current to drive 171	  

current, for several high-current induction accelerators.  Many other examples of 172	  

induction accelerators are summarized in Ref. [Ta11].  173	  

 174	  

2.1 Pulsers 175	  

An IFE power plant operating at ≈ 10 Hz would generate 3 x108 pulses per year and 176	  

perhaps 1010 pulses over the lifetime of the driver.  This is the motivation for developing 177	  

long lifetime components.   178	  

The beam pulse specifications determine the pulser voltage and accuracy requirements.  179	  

At the low energy end of the driver, the pulse duration starts at > 10 µs, but is 180	  

compressed to < 1 µs as quickly as the beam dynamics allow.  The compression amplifies 181	  

the beam current and in turn increases the electrical efficiency and reduces the core 182	  

volume.  For most of the accelerator, the pulse duration is tp ≈ 0.2 µs with a relatively 183	  

short rise and fall time (≤ 0.05  𝜇𝑠). At 1 mC/bunch distributed over many beams, the 184	  

total current in the pulse is ≈ 5 kA. This leads to an attractively efficient accelerator.  185	  
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Note that these values are approximate.  The pulse width, and associated rise and fall 186	  

times could be longer or shorter depending on the capabilities of the modulator and 187	  

economics.  Waveforms, or the average of a group of waveforms in adjacent cells must 188	  

be flat to a high degree (~1%).  Random errors are partly suppressed due to statistical 189	  

averaging with many other cells (See Section 3).    190	  

The beam bunch, including its own rise and fall time, must reside within the flat part of 191	  

the high-voltage acceleration waveform. At the ends of the beam bunch, the significant 192	  

longitudinal space charge force must be balanced by an approximately triangular “ear” 193	  

waveform with a rise time similar to that of the beam pulse [Sh96].  This resembles the 194	  

barrier bucket pulses employed, for example, in the KEK Digital Accelerator [Ta12].   195	  

For HIF, thyratron or spark gap switched lumped element pulse forming networks, or 196	  

distributed pulse-forming lines, might meet the pulser requirements except for the 197	  

required lifetime.  However, for the HIDIX (or IRE) research facility previously 198	  

mentioned, designed for HIF target physics and demonstrating many aspects of 199	  

accelerator and beam physics at full or relevant scale, continuous 5-15 Hz operation for a 200	  

year is not required to accomplish the goals.  Thus, the lifetime of spark gap switches or 201	  

thyratrons could be adequate for years of HIDIX operation.  202	  

For the low energy end of the HIF accelerator (characterized by a bunch length > 1 µs), 203	  

recent R&D on insulated-gate bipolar transistor (IGBT) switched modulators for the Next 204	  

Linear Collider (NLC) klystrons and magnetrons appears promising [Ca01].  Each IGBT 205	  

switches 800 A at 3 kV, and with many IGBT switches in a series and parallel array, a 206	  

voltage pulse of 400 kV and 2 kA can be generated.   IGBTs can switch at a higher power 207	  

than metal oxide field-effect transistors (MOSFET), but are too slow for the ~ 0.2 µs 208	  

pulses characteristic of most of the accelerator.  However, by using solid-state switches in 209	  

conjunction with magnetic pulse compression, the rise time requirements might be met 210	  

[Ta11].  There has been relevant progress aimed at developing high-voltage and high-211	  

current pulses for the Elektra IFE laser project [He10].  It remains to be seen if the 212	  

waveform flatness for HIF (< 1%) can be achieved in a magnetic pulse compression 213	  

circuit with a sufficiently fast rise time.   214	  
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At the high energy end of the accelerator, MOSFETs have the needed rise time, but the 215	  

package size (few kV and 10's of amps) necessitate a much larger array of components to 216	  

get to the 40 - 100 kV level needed to drive an induction cell.  A large MOSFET array 217	  

(40 x 50) capable of > 10 MW switching [Ba95] was tested for HIF. In tests with the 218	  

MOSFET array driving a full size Astron induction core and a simulated resistive beam 219	  

load, > 50% efficiency was achieved. These electronically controlled output pulsers can 220	  

produce the desired waveforms but have not been widely used because of their high cost.  221	  

In summary, switches are integral parts of the pulser, and solid-state switches would have 222	  

the needed lifetime for a HIF power plant.  The remaining challenges are to develop a 223	  

pulser with the rise time needed for most of the accelerator.  Research for other 224	  

applications (eg: NLC, laser IFE) is relevant, but a dedicated research program for HIF 225	  

would be an essential component of a balanced R&D portfolio.   226	  

 227	  

2.2 Magnetic materials 228	  

A low loss magnetic material with a large flux swing is desired for the induction cores.  229	  

Ferrites have a modest flux swing, as characterized by the saturation flux (2Bs  > 0.7 – 1.2 230	  

T).  Due to their high resistivity, ferrites have been frequently used in induction 231	  

accelerators with pulses less than ≈ 0.1 µs.   232	  

However, more volt-seconds (Eq. 1) are required for the HIF induction driver.  The 233	  

development of amorphous metallic glass beginning in the 1970’s was driven by the 234	  

energy saving potential for the 50 - 60 Hz electric power industry.  The maximum flux 235	  

swing of amorphous metallic glass lies in the range 2.1 - 3.3 Tesla. The useable flux 236	  

swing is less than the maximum, because of the difficulty of driving the magnetic 237	  

material far into saturation.  Since the resistivity is much lower than ferrites, the cores are 238	  

wound with thin, insulated laminations. The flexible 15 - 40 µm tape, with a low 239	  

magnetization current, was developed first by Allied Signal with the trade name 240	  

Metglas®.  Variants have been developed by others, for example, Finemet®, a 241	  

nanocrystalline material by Hitachi.  The the higher flux swing from annealing is 242	  

compromised if the material is mechanically manipulated after annealing, thus there has 243	  

been considerable effort toward annealing in place, or developing winding techniques 244	  
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that handle the material with low stress to preserve the higher flux swing available and 245	  

lower loss.  Annealing temperatures are in the range 400oC. 246	  

For the HIF application, the core is driven at high magnetization rates (dB/dt ≈ 10 T/µs) 247	  

and the voltage drop between laminations can be tens of volts depending on the width of 248	  

the material.  The surface resistance due to naturally occurring oxidation does not provide 249	  

sufficient voltage insulation between the individual layers and additional insulation is 250	  

required. Due to the importance of the eddy current loss mechanism at high 251	  

magnetization rates, and the need for additional insulation between layers, several types 252	  

of ferromagnetic wound cores were tested by for the HIF application [Mo02]. Various 253	  

methods for including insulation in the winding process, preferably compatible with the 254	  

annealing have also been studied.   255	  

 Assuming a flux swing of 2.6 Tesla, the amount of required core material for HIF is still 256	  

significant:  To illustrate, assume a pulse length of 250 ns for most of the accelerator 257	  

(dB/dt ≈ 10.4 T/µs), with a radial build of 0.75 m outside a 1.5 m diameter cluster of 258	  

beams. 5 GeV of acceleration requires approximately 3 x 107 kg of ferromagnetic 259	  

material. A decrease in cost of wound cores is desirable, presently around $20/kg USD in 260	  

large quantities. Estimates by industrial manufacturers of projected costs for HIF power 261	  

plants have been significantly lower.   262	  

3 Application to heavy ion fusion 263	  

A driver would have a few thousand acceleration stations (or gaps) and focusing arrays, 264	  

so the required reliability of individual components is high.  However, in contrast to 265	  

induction accelerators for high-current electron beams, where β ≈ 1 shortly after 266	  

injection, the heavy ion beams in a HIF driver have β < 0.3 at the end of the accelerator.  267	  

This allows for feed-forward correction of the waveform imperfections: an error on a 268	  

voltage or beam current waveform could be detected and corrected using dedicated 269	  

correction modules.  In fact, if one pulser or acceleration module misfires, occasionally or 270	  

repeatedly, a nearby spare module, if incorporated into the accelerator lattice could be 271	  

triggered to compensate on the same pulse.  Relatively small correction cores periodically 272	  

placed in the accelerator lattice, driven by a pulser that can actively regulate the output 273	  
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voltage (eg. MOSFET controlled), could correct voltage errors on the order of 1%.  The 274	  

detection of small amplitude errors is limited by signal-to-noise in the pulsed power 275	  

environment.  Uncorrelated errors in successive pulsers will accumulate, with the 276	  

summed amplitude proportional to the square root of the number of modules under 277	  

consideration.  This has led to an estimated random voltage tolerance of 1% per module 278	  

on the flat top of the waveform.  The systematic errors, for example from a non-ideal 279	  

PFN, will be repeated in each successive pulser.  This might cause a droop on the flattop 280	  

of the pulse, and must be corrected more frequently.  The research at KEK [Ta12] on the 281	  

induction synchrotron is developing capability that is relevant to high-precision corrector 282	  

cores and pulsers for a HIF induction linac. 283	  

3.1 Transverse focusing 284	  

There are two main types of focusing magnets for a driver: focusing quadrupoles in the 285	  

accelerator and final focusing magnets near the target chamber.  For beam physics, 286	  

engineering and economic reasons they are superconducting. Dipoles or displaced 287	  

quadrupoles for bending are a relatively minor component of the driver. 288	  

Perhaps the most unusual characteristic of the induction accelerator for HIF is the 289	  

approach to transverse beam focusing by subdividing the charge into many beams and 290	  

focusing them in a close-packed array of quadrupoles.  All the beams thread common 291	  

induction cores, as illustrated in Figs. 4 and 5, and the goal to transport a large overall 292	  

current (sum over many beams) to enable high accelerator efficiency is accomplished. 293	  

This design is motivated by two considerations: In order to meet the focal spot required at 294	  

the fusion target, the ~1 mC of charge cannot plausibly be focused in a single beam due 295	  

to high space charge and emittance, which is remedied by subdividing the charge into 296	  

separate beam bunches, which overlap only at the target.   297	  

Subdivision also leads to a compact induction core: In the accelerator, many such beams 298	  

with low emittance in a suitably designed array may be transported more compactly 299	  

through the induction cores than a single higher current beam. The transportable beam 300	  

current is given by: 301	  

   𝐼!"# ≈ 4×10!!"𝑎𝐵𝑣!  (Eq. 2) 302	  
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in mks units, where a is the beam aperture radius, B is the pole tip field, and v is the ion 303	  

velocity. For electrostatic quadrupoles, B à E/v, where E is the electric field.  Each beam 304	  

in the accelerator is space charge dominated, that is, the transverse envelope of the beam 305	  

is determined mostly by the space charge being balanced by the applied focusing field. 306	  

The longitudinal and transverse beam dynamics are summarized in these proceedings 307	  

[Le12].  308	  

The repeat structure in the accelerator is the half-period L, which has a quadrupole of 309	  

length η·L, and an accelerating column of length (1-η)•L.  The quadrupole occupancy 310	  

factor, η, varies from about 0.8 at the beginning of the accelerator to about 0.1 at the end, 311	  

with most of the machine having the lower occupancies. 312	  

For an occupancy η, well above 0.5, there is insufficient space for induction cores 313	  

separated axially from the focusing quadrupoles.  Thus, at the low energy end of the 314	  

driver, the focusing quadrupoles are located within the axial extent of the cores, while at 315	  

higher energy, where L > 2 m, the occupancy is smaller, and the drift space between 316	  

adjacent quadrupoles is much greater, the quadrupoles are located between the induction 317	  

cores.  This simplifies manufacturing, installation, and maintenance of the quadrupole 318	  

arrays and the acceleration modules for most of the accelerator.  Electrostatic 319	  

quadrupoles at low energy have the attractive feature of compactness and their natural 320	  

clearing of stray electrons (electron clouds) that would perturb the space charge 321	  

distribution and adversely affect the beam emittance. Arrays of magnetic quadrupoles, 322	  

more effective at higher ion velocity (Eq. 1) tend to optimize for higher current or line 323	  

charge density than electrostatic quadrupoles.  Merging groups of four beams from the 324	  

electrostatic array into single beams at the transition to the magnetic array has been 325	  

considered and explored in a series of experiments and particle simulations [Se03]. 326	  

A system with magnet lengths of <1 m, peak field in the winding of 4 T, and occupancy 327	  

η < 0.5 characterize most of the accelerator. Average losses of ~1 Watt/lattice period in 328	  

the magnet leads of each array module, and 1 W/m2 within the superconducting magnets 329	  

beam tubes result in a relatively low power required of the refrigeration system.  A 330	  

schematic of the packing of quadrupoles and beams is shown in Fig. 4.  The flux is 331	  
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shared among adjacent quadrupoles, and thus enhances the field in the aperture of the 332	  

neighbors by approximately 30%.   333	  

 

Figure 4:  (a) Part of a focusing array with shared flux. (b) A 21-beam focusing array coil 

layout.   

The number of beams typically lies in the range 48-120.  The design of a prototype array 334	  

is shown in Fig. 4(b).  At the periphery of the array, the coil and magnetic boundary 335	  

condition must satisfy the field quality requirements of the outside beams.  Furthermore, 336	  

if the induction core is nearby, the return flux is designed to not enter the ferromagnetic 337	  

material, in which the permeability is varying during the acceleration pulse as the core 338	  

approaches saturation.  A solution to the termination of the field at the edge of the 339	  

focusing array is described in Ref. [Fa99]. In addition, centroid correction (steering) 340	  

dipoles must be implemented with a frequency sufficient to maintain satisfactory beam 341	  

quality and particle loss. 342	  

3.2 Proposed near term research 343	  

Though many components of the accelerator architecture have examples in existing 344	  

accelerators, an induction linear accelerator on the scale of a 10-100 kJ research facility 345	  

(eg: HIDIX) would be unprecedented. To reduce the risk for such a facility, accelerator 346	  

research and development is suggested below. 347	  

An ongoing question for 5-10 Hz operation of the accelerator is whether the pressure 348	  

inside the beam lines, which is expected to rise immediately after a beam pulse, can be 349	  

lowered fast enough for the next pulse or even be damaging to the same pulse. The 350	  

source of the pressure rise is particle loss to the structure wall, which in turn desorbs a 351	  
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large number of neutral atoms or molecules.  A 5 - 10 Hz experiment aimed at 352	  

quantifying and developing techniques to control the pressure rise, at least at the 353	  

presently attainable beam energy (up to 2 MeV) and intensity, could be performed with 354	  

minor modifications to existing equipment.   355	  

There will be a need to address driver beam physics questions summarized by Lee 356	  

[Le12].  Topics of interest include transverse emittance growth of high space-charge 357	  

beams caused by envelope mismatch, non-linear space charge distributions, beam 358	  

centroid control, imperfect applied fields, electron clouds and beam-gas interactions and 359	  

the possible interactions between multiple high-current beams [Fr01]. Collective effects 360	  

of space charge waves are expected to relax after several plasma oscillations, 361	  

corresponding to 40 - 100 quadrupoles (lattice half periods). Many issues may be 362	  

addressed with a single beam accelerator, thereby reducing the cost of this research 363	  

compared to a many-beam accelerator of equal length. Halo formation and control via 364	  

periodic collimation would also be explored.  Cohen [Co12] has also summarized the 365	  

mechanisms for beam quality degradation due to electron clouds, which would also be 366	  

explored in the same experimental facility.  367	  

A multiple beam experiment demonstrated simultaneous acceleration and focusing of 368	  

four heavy ion beams in an induction linac [Fa96].  The beam current was low, so that 369	  

beam-beam and beam-core interactions were negligible.  The experimental exploration of 370	  

these effects requires much higher beam current (> 100 A) such as envisioned for the 371	  

HIDIX.  We note that multiple, high-current electron beams in an induction linac have 372	  

also been demonstrated [Pr83, Ha85].   373	  

HIF system studies show cost reductions for high gradients (2-4 MV/m) but data for such 374	  

extrapolations are scarce.  The acceleration gap designs usually include several plates 375	  

electrically connected to the column for grading, with multiple apertures through which 376	  

the numerous beams pass, as shown in Fig. 5.   These plates partially isolate the high 377	  

space charge beams from each other. Stray particles (ions or electrons) striking the 378	  

insulator are potential seeds of HV breakdown, so, as in electron induction accelerators, 379	  

the columns may need shielding structures to block the charged particles from striking 380	  

the insulators along with grading electrodes to achieve the highest gradient.  In the 381	  
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systems studies, the gradient has been sometimes limited to about 1 MV/meter.  The basis 382	  

for this limit has been the < 1 MV/meter gradient in electron beam induction linacs, and 383	  

also the scarcity of relevant experimental data on column HV holding above ≈ 1 MV.  384	  

Electron induction accelerators approached 1 MV/m, with little data for ion accelerators 385	  

at or beyond that gradient. Some approaches that might lead to increased gradient for HIF 386	  

drivers include the implementation of radial insulators (vs. insulating columns entirely 387	  

parallel to the beamline), and the utilization of high-gradient insulators based upon very 388	  

thin layers of graded columns [Ca09]. A test stand in an induction voltage adder 389	  

configuration [Sm04] capable of measuring the voltage holding limits at full scale (1 - 4 390	  

MV/m) would enable more confident designs and cost estimates for a HIDIX and a 391	  

driver. 392	  

 

Figure 5: Cross section view of a multiple beam induction acceleration and focusing 

module for heavy ion fusion.    

 393	  

In the area of pulsers for the induction modules, solutions for a HIDIX are available, 394	  

because switch lifetime is not as demanding as in a power plant. However, the 395	  

development of solid state switched pulse-forming networks or lines with the required 396	  

driver lifetime are still needed.  Amorphous ferromagnetic tape is the best induction core 397	  



Multiple Beam Induction Accelerators for Heavy Ion Fusion, Seidl et al. 18	  

material so far, but methods for providing adequate insulation between the layers of tape 398	  

and realizing the greater flux swing of annealed material requires further research. 399	  

The issues of superconducting magnetic quadrupole arrays for many parallel channels 400	  

can be addressed using a restricted number of channels, as long as proper transverse 401	  

termination of the fields is provided. Thus, a critical next step would be a prototype array 402	  

with only four or nine channels. This would follow on the results of past successful 403	  

prototype magnet designs; single quadrupoles derived from the array concept.  The R&D 404	  

ended in 2004 with the production and successful testing of a prototype quadrupole 405	  

doublet in a compact cryostat suitable for transport and acceleration of intense beams of 406	  

(λ ≈ 0.2 µC/m) K+ through ~100 quadrupoles, or several beam-plasma oscillations 407	  

[Gu05]. 408	  

Together with complementary research on fusion target physics, ion sources and 409	  

injectors, and beam compression and final focusing, the above research would be 410	  

necessary to reduce the risk and develop a credible basis for a HIDIX accelerator design.  411	  

Even with a relatively small budget, there are R&D opportunities to make significant 412	  

progress aimed at heavy ion inertial fusion.   413	  
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